Understanding the changes that a catalyst may experience on its surface during a reaction is crucial in order to stablish structure/composition-reactivity correlations. Here, we report on bimetallic size-selected Cu100-xCox nanoparticle (NP) catalysts for CO2 electroreduction reaction (CO2RR) and we identify the optimum Cu/Co ratio and NP size leading to improved activity and selectivity. Operando X-ray absorption spectroscopy (XAS) and quasi in situ X-ray photoelectron spectroscopy (XPS) provided insight into the morphological, structural, and chemical transformations underwent by the CuCo NPs during CO2RR. We illustrate that the as-prepared state of the bimetallic NPs is drastically different from the structure and surface composition of the working catalyst. Under electrochemical conditions, a reduction of both initially oxidized metallic species was observed, accompanied by Cu surface segregation. Density functional theory (DFT) results from a Cu3X model were used to describe the surface segregation. In order to extract mechanistic understanding, the activity of the experimental Cu and CuCo NPs towards CO2RR was described via DFT in terms of the interaction of Cu facets under expansion and compression with key reaction intermediates, in particular CO* and COOH*.
calculations [48] in terms of the interaction of the surface with key intermediates, in particular CO* and COOH*.
Experimental

Sample preparation
Size-controlled bimetallic CuCo NPs as well as monometallic Cu and Co reference samples were synthesized by inverse micellar encapsulation. Monodisperse micellar solutions were prepared by dissolving Poly(styrene-b-2-vinylpyridine) diblock copolymers (Polymer Source, Inc.) with different molecular weights in toluene, Table 1 .
Subsequently, CuCl2 and CoCl2 (Sigma Aldrich) salts were incorporated into the micellar solutions and stirred for two days. The composition of the NPs was then controlled by varying the metal loading of both components and the NP size by varying the size of the polymer head or the total metal loading inside a given pre-formed micellar cage. Eighteen different NP systems were prepared. A set of substrates were covered with a monolayer of NPs. Flat SiO2/Si(111) wafers were used for morphological sample characterization, glassy carbon for electrochemical experiments, and carbon foil supports (Mateck) for synchrotron measurements (only the front side was covered with NPs). The NPs were then supported on the different substrates via dip-coating with an average speed of 1 cm min -1 . Polymer removal was achieved via a 20 min O2 plasma etching treatment (20 W, 400 mTorr). Dip-coating and plasma etching processes were repeated consecutively five times to increase the NP coverage on the carbon surfaces.
Structural and chemical characterization
Nanoparticle size and geometrical surface area were determined by atomic force microscopy (AFM) using a Bruker MultiMode 8 microscope. AFM images of NPs on SiO2 acquired in tapping-mode were used to obtain the average height (hp) and density of the NPs. Assuming spherical NPs, the particle height is used as representative size parameter, Table 1 . The geometrical surface area of electrodes was estimated by calculating the surface area of a single particle of spherical shape and considering the NP density extracted from AFM images.
Ex situ X-ray photoelectron spectroscopy (XPS) measurements were conducted in an ultra-high vacuum (UHV) system with a monochromatic Al Kα source (hν = 1486.5 eV) operated at 300W and 14.5 kV, and with a Phoibos 150 analyzer (SPECS GmbH). Survey and high resolution XPS spectra from the C 1s, O 1s, Cu 2p and Co 2p core level regions were measured on NP samples supported on SiO2/Si. The Si 0 peak at 99.3 eV was used as reference to align the data.
Quasi in situ XPS measurements were carried out in an UHV system with a nonmonochromatic Al source (hν = 1486.5 eV) and a hemispherical Phoibos 100 analyzer (SPECS GmbH). Electrochemical treatment of the samples supported on glassy carbon was performed in an electrochemical (EC) cell connected to the XPS system using an Autolab pontentiostat (PGSTAT 302N). The sample transfer to the XPS chamber was done under vacuum. Once the XPS spectrum was recorded, the sample was transferred back into the EC cell and the process was repeated after different CO2RR times ranging from 1 min to 60 min. The current XPS measurements were not conducted under operando electrochemical reaction conditions, but after the electrochemical treatment.
The electrochemical reaction chamber is however directly attached to the XPS-UHV system, allowing sample transfer without air exposure.
The CuCo NPs were also studied under CO2RR operando conditions at -1.1 V vs.
RHE by X-ray absorption fine-structure spectroscopy (XAFS) at the Cu-K (8979 eV) and Co-K (7709 eV) absorption edges. The measurements were conducted at the undulator beamline P65 of Petra III storage ring operating in top-up mode at 6 GeV. A custom made operando cell was used, in which carbon foil electrodes coated with NPs were mounted as an X-ray window. The back side of the electrode was sealed with Kapton tape and the front side (WE) was exposed to the electrolyte constantly purged with CO2.
The measurements were executed in fluorescence mode using a 7-pixel high purity germanium detector (HPGe, Canberra). Multiple identical spectra were recorded for each sample (20 min recording time) and then averaged to improve the signal to noise ratio.
Initial reduction of the XAFS data was done with the Athena program. Coordination numbers (CN), interatomic distances (r) and disorder parameters (σ 2 ) of the CuCo NPs were obtained by analyzing the extended X-ray absorption fine-structure (EXAFS) data with Artemis using a FEFF6 code. [49, 50] 
Electrochemical measurements
CO2RR experiments were carried out at constant potential in a custom-made H-type electrochemical cell. The compartments of the cell were separated by a Selemion ion exchange membrane. A leak free Ag/AgCl (Innovative Instruments, Inc.) electrode and a platinum mesh (MaTeck 3600 cm -2 ) were used as reference electrode (RE) and counter electrode (CE) respectively. The working electrode (WE) consisted of a glassy carbon plate covered with NPs (4.6 cm 2 exposed area). Every experiment was conducted on an identically-synthesized fresh sample. The reaction was conducted in 40 mL of 0.1 M KHCO3 (Sigma-Aldrich, 99.7%) purged with a constant flow of CO2 (20 mL/min). The applied potential, -1.1 V vs RHE, was controlled with an Autolab potentiostat (Multi Autolab/M204). The current interrupt technique was used to determine the resistance (R) used to correct the potential for iR drop. The same RE and CE, CO2-saturated electrolyte and applied potential were used in the synchrotron and quasi in situ XPS experiments.
The reported current densities were normalized by the geometrical surface area obtained from AFM measurements.
The analysis of the gases produced in the working electrode was done online by gas chromatography (GC, Shimadzu 2014). Hydrocarbons were separated through HayeSepQ + HayeSepR packed columns and detected in a flame ionization detector (FID). H2, N2 and O2 were separated by a MS-13X column and analyzed by a thermal conductivity detector (TCD). CO and CO2 are methanized and detected by FID. Liquid products from the reaction were accumulated in the electrolyte and detected via high-performance liquid chromatography (HPLC, Shimadzu Prominence) in a NUCLEOGEL SUGAR 810 column and analyzed in a refractive index detector (RID). The analysis of alcohols was performed with a liquid GC (Shimazu 2010 plus) that was equipped with a silica capillary capillary column and FID. The product quantification and current recorded after 1 h of CO2RR were used to calculate faradaic selectivity. Background H2 concentration and current produced by the glassy carbon support were subtracted from each Faradaic selectivity calculation.
Density Functional Theory calculations
Two approaches were used to represent the bimetallic NPs and calculate binding energies of reactants, intermediates and products: a Cu3X bimetallic model, and Cu facets with varying lattice constants.
For the Cu3X bimetallic system, first the lattice constant of each bimetallic was optimized in a 2x2x2 bulk unit cell created with ASE [51] , with periodic boundaries, (7x7x7) k-points and the RPBE functional [52] as implemented in GPAW. [53] From each of the optimized bulk alloys, three (2x2x4) surface slabs were constructed in the Cu3X composition, in a Cu skin layer composition by transferring the surface X atoms to the second layer, and an X skin layer composition obtained by moving the second layer X atoms to the surface. The slab structure energies were calculated with periodic boundary conditions in the xy-plane, a grid spacing of 0.18 Å, (4x4x1) k-points, and the RPBE functional. Then, the most stable structure obtained by:
, where the reference made to the Cu3X composition shows if Cu or metal X will segregate to the surface. 3.69 Å, the binding energies are found with respect to gas phase without plotting the uncertainty related to gas phase molecule references.
Results and discussion
AFM was used to observe the size and dispersion of the NPs, 21.37 ± 3.0 Table 1 . Parameters used for the synthesis of CuCo NPs by micelle encapsulation together with the AFM NP heights. The metal loading is the ratio of the molecular weight of the metal salt versus that of the polymer head (P2VP).
The surface composition of the CuCo NP pre-catalysts was determined by XPS. We consider as pre-catalyst the NPs deposited on a substrate after polymer removal with O2 plasma but before CO2RR, because the NPs will be activated to their catalytic state when electrochemical conditions are applied. Figure 2 shows XP spectra of the Cu 2p and Co 2p core-level regions of CuXCo100-X NPs (X = 30, 50, 70, 90) with a size of ~5.2 nm. An XPS survey scan is presented in Figure S3 . In all spectra, the Cu and Co 2p core level regions exhibit characteristics typical of oxides, including shake-up satellites features found for the 2+ oxidation state of the first row transition metals. [55, 56] The intensity of the respective XPS peaks vary according to the nominal metal content, although all samples showed copper surface enrichment as can be seen in Table S1 . The effect that the metal composition has on the activity of CO2RR on CuCo NPs is shown in Figure 3 . The reaction was carried out on NPs of the same size (S3, ≈ 5.2 nm) but with varying composition ranging from pure Co to pure Cu. The current density of CuXCo100-X NPs decreased as Cu was incorporated into the NPs, however, a content of 90% Cu in the pre-catalyst was found to lead to the highest activity, Figure 3a . The analysis of the partial current density ( Figure S4a ) revealed that HER is the main reaction on CuXCo100-X and the only one on pure Co NPs. The decrease in current density is due to the suppression of HER by the competition with CO2RR. Increasing the Cu content in the NPs favors CO2RR. The highest CO2 conversion was observed at a Cu content of 90%.
Faradaic selectivity of CO2RR on CuCo NPs calculated from the current density and product concentration (normalized to 100 %) is presented as a function of Cu content in Figure 3b . On Co NPs the only product is H2, with only traces of CO and HCOOH being detected. [2, 3] As the Cu content in the NPs increases, HCOOH and CO were the main products detected, in that order of abundance. The activity towards CO2RR versus hydrogen evolution reaction (HER) improved with increasing Cu content in the NPs. The highest selectivity for HCOOH and CO was observed for a Cu content of 90% Cu, exceeding the performance of the pure Cu NPs. However, H2 was still the main product, although the Cu90Co10 NPs produced the lowest amount of H2, [57] corroborating that small amounts of Co can have a beneficial effect in the electrochemical conversion of CO2 over Cu-based materials. [24] Nevertheless, despite the high content of Cu, CuCo
NPs produced only traces of CH4 and no other hydrocarbon or alcohol was detected. Based on the activity results of the composition study, we decided to explore the effect that particle size has on the CO2RR on CuCo NPs of different Cu content. Nanoparticles of five different particle sizes were produced for CuXCoX-100 systems with X=50, 70, and 90, ( Table 1 ). The total current density of CuCo NPs as a function of the particle size at -1.1 V vs. RHE, Figure 4a , showed that the smallest NPs were the most active. As the particle size increased, the activity of the NPs decreased, due to a lower number of undercoordinated sites. [34, 40, 41] The intense evolution of H2 for NPs during CO2RR has been attributed to the presence of undercoordinated sites. Small NPs having a larger number of undercoordinated sites are more active towards H2 evolution. [40] In Figure 4 (b, c, d) the effect of the NP size on the selectivity of CuCo NPs of different nominal metal composition (Cu = 50 %, 70 %, 90 %) is shown. In the three cases it can be seen that H2 production decreases as the NP size increases, in parallel with an increase in the selectivity for CO2RR products. Moreover, for the smallest particles (S1), the increase in Cu content lead to an improvement of the selectivity towards CO2RR vs HER. Nevertheless, in all cases, H2 was the most abundant product. On small NPs (S1 and S2) the production of CO and HCOOH was dependent on the Cu content. The enrichment with Cu raised the CO production, while the enrichment with cobalt benefited HCOOH production. The product distribution observed in Figure 3b for the 5.2 nm NPs remains, being HCOOH the main product of CO2 reduction followed by CO for all different compositions. For Cu50Co50 NPs the increase in CO2RR vs HER selectivity is not very significant, contrary to the Cu-enriched particles which showed a major enhancement in the production of HCOOH and CO. The partial current densities presented a similar behavior ( Figure S4 ). In the case of Cu90Co10 NPs, the increase in particle size did not favor the production of hydrocarbons, indicating that the intermediates necessary for the production of hydrocarbons or alcohols
were not stabilized on the surface of the NPs. [48, 58] Such hypothesis lead to investigate with DFT the influence of the stability of key intermediates at the catalysts surface on their selectivity towards CO2RR, as it discussed in the following sections. ) and present within the particle surface.
Upon applying the potential for only 1 minute the copper is reduced in the case of both particle sizes. The Cu 2p core level spectra of Cu + and metallic Cu do not differ significantly. [55] However, for our highly dispersed NPs a discrimination between Cu + and metallic Cu using the Cu LMM Auger spectra was not possible due to the low metal loading. A significant decrease in the intensity of the Co peaks was observed with increasing reaction time, while the Cu peaks changed less drastically. In the case of the 11.6 nm NPs, a possible explanation for the progressive loss of the Co signal taking into account the electron inelastic mean free path (IMFP) of 2.1 nm [59] is that the particles form a core-shell structure where Co accumulates in the core. However, in the case of the 2.7 nm
NPs a similar loss of Co signal can be seen with XPS, even though in this case the entire NP is probed. Thus, either cobalt leaches into the solution and is lost from the NPs, or the NPs grow in size significantly during CO2RR hiding a possibly Co-enriched NP core from XPS analysis, Figure S6 . [59] As it can be seen in Figure 5 , the Cu signal also decreased with time during CO2RR although it never disappeared. Thus, Cu can still be predominantly found on the NP surface under reaction conditions, but this also suggests that the NPs have possibly sintered. The dashed vertical lines in Figure 5 (a, c) mark the binding energy that is expected for bulk metallic Cu (Ebin = 932.67 eV). Initially, the Cu2p peaks are shifted to a higher BE due to the oxidized state of the Cu atoms but were found to move towards the lower binding energy with increasing reaction time after 1 min. This change is clearer for the 2.7 nm sample, for which a positive BE shift is still observed within the first minutes of the reaction, and only disappears after 1 h. This shift is assigned to initial and final state effects typically observed for NPs smaller than about 5 nm. The same trend is not seen for the 11.6 nm sample, for which the bulk BE of Cu is already achieved during the first minute of the reaction after the initial reduction of the RHE), Figure 6 (a,c) . Subsequently, the EXAFS data were analyzed to identify the local atomic structure around the Cu and Co atoms, Figure 6 (b, d) . It was observed that the as prepared NPs are completely oxidized and got reduced towards the metallic state under reaction conditions. It should be noted however that the first XAFS scan was obtained after 20 min of reaction, i.e., after the main changes reported in the XPS spectra ( Figure   5 ) already happened on the NP surface. Moreover, multiple scans needed to be recorded and averaged to improve the signal to noise ratio.
The Cu and Co K-edge XANES spectra of the as prepared NPs (Figure 6a and 6c) exhibit oxide-typical features at ~8998 eV and at ~7725 eV, respectively. Comparing these spectra with the spectra of the oxide references (see also Figure S9 ) shows that the The quality of the Co EXAFS data is significantly worse, and therefore, we were not able to extract reliable coordination numbers and distances from the EXAFS fits.
However, the strong peak in the FT-EXAFS at reduced distances of ~1. Thus, our operando XAFS analysis shows that the Cu50Co50 NPs under reaction conditions can be best described as mainly metallic NPs. The stronger contraction of the Cu-Cu distances compared to the Co-Co distances agrees well with the Cu surface segregation forming a comparably thin Cu-rich shell with a contracted lattice on a Corich core of the NPs. The Co-rich core might also exhibit some remaining oxide species. experiments, which corresponds to Cu3Co, Cu3Fe and Cu3Ni bimetallics. Hence, this model follows the previous segregation results of bimetallics [65] and clearly describes the observed Cu surface segregation in Figure 5 and Figure 6 for the CuCo NPs. and not a contraction as observed in the Cu-Cu interatomic distance of the CuCo NP alloys. Further, to obtain products beyond CO, our descriptor plot is shown in Figure 7b .
Here, the Cu catalyst requirement is to bind CO* stronger, which is similarly observed by an expansion and not a contraction. Hence, we understand from this lattice expansion and contraction study of the Cu facets why the CuCo NPs have a higher selectivity towards H2 than towards CO2RR related products as compared to pure Cu, by having a less strong COOH* binding as compared to H*. Further, the CuCo NPs produce almost no product beyond CO* which is shown by the weaker binding of CO* on the Cu facets due to the Cu-Cu contraction. XAFS. The low production of hydrocarbons and absence of alcohol products observed for our catalysts was assigned to the lower stability of the reaction intermediates over small and highly defective nanoparticles [40, 67] where the Cu-Cu interatomic distances are also contracted. According to the present DFT calculations, such contraction leads to a weaker CO* and COOH* binding that hinders the formation of products beyond CO*.
Conclusions
In summary, we have explored the effect that metal composition and particle size have on the activity of CO2RR over well-defined CuCo NPs synthesized by inverse micellar encapsulation. The characterization of the as prepared samples revealed the narrow size distribution of the NPs and that initially both metals in the as prepared NPs were oxidized. The faradaic efficiency and partial current density of CO2RR experiments showed that small amounts of Co benefit the activity of CuCo NPs, while an increase in particle size favors CO2RR over HER. Under reaction conditions the NPs underwent Cu surface segregation and possibly sintering as it was observed by in situ and operando spectroscopic methods. The stability of such Cu-rich skin/Co-rich core systems was corroborated by theoretical calculations. The performance of CuCo NPs towards CO2RR
was explained by the contraction of the Cu-Cu interatomic distance that weakens the binding energy between the surface and key intermediates COOH*, CO* and H*. In this work we demonstrated the relevance of in situ and operando techniques to characterize the evolution of a catalyst while at work. The information acquired under reaction conditions is crucial to determine the actual nature of the catalytically active surface and to obtain parameters that may be helpful to gain mechanistic understanding of the studied reaction. Finally, our study revealed that more effective CO2RR bimetallic nanoscale catalysts can be achieved if under reaction conditions one is not only able to stabilize Cu at the NP surface, as it is the case here, but if additionally the metal in the core of the NP is able to induce a significant expansion in the Cu-Cu lattice.
